ABSTRACT Deformation and failure of freeze-thawed rocks under dynamic loads are of practical meaning in studying the stability of slopes and tunnels in cold regions. The rock failure process is essentially actuated by the transfer and transformation of energy. In this paper, the energy dissipation characteristics and failure patterns of freeze-thawed granite under dynamic loads were investigated. A split Hopkinson pressure bar (SHPB) system was used to conduct the experiments on semicircular bend (SCB) specimens subjected to 30, 60, 90, and 120 freeze-thaw (F-T) cycles. The results found that the incident energy, reflected energy, and dissipation energy were loading rate-dependent, while the transmitted energy was not correlated with the loading rate. The reflected energy accounted for the largest proportion (greater than 60%) of the incident energy. In addition, the energy reflection rate (ERR) decreased when the loading rate or porosity increased, whereas the energy dissipation rate increased when the loading rate or porosity increased. A model was established to predict the ERR and EDR evolution. Finally, the failure patterns of freeze-thawed granite under dynamic loads demonstrated that a higher loading rate caused a change in failure patterns, whereas a larger porosity led to greater fragmentation in the specimens.
I. INTRODUCTION
In cold regions, rocks are often deteriorated by cyclic temperature changes. Freeze-thaw (F-T) cycles are key factors that affect the stability of slopes and tunnels in cold regions. For example, in 2013, a slope failure in Tibet resulted in the collapse of more than 2 million cubic meters of rocks. The main reason for this disaster is that the rock slope was seriously weakened by F-T cycles. In this regard, the rock degradation behavior during F-T cycles is a key concern when designing slopes and tunnels in cold areas.
A number of studies have investigated the degradation in physical and mechanical properties of rock subjected to F-T cycles [1] - [16] . A common conclusion drawn from these studies is that when subjected to F-T cycles, rock often exhibited deterioration in strength under static
The associate editor coordinating the review of this manuscript and approving it for publication was Bora Onat. uniaxial compression. However, slopes and tunnels in cold regions may experience dynamic loads caused by blasting during the excavation process. In laboratory conditions, the main method to investigate the dynamic fracture behavior of rocks is to apply dynamic loads by a split Hopkinson pressure bar (SHPB) system. Few studies have conducted experiments on rock fracture behavior under dynamic loads using SHPB systems [17] - [20] . However, these studies mainly applied uniaxial loads on the rock samples.
In the excavation process associated with rock blasting in cold regions, the dynamic tensile fracture behaviour of freeze-thawed rocks is important in understanding the rock failure of rocks in cold regions. However, this topic is not well understood and very few publications focused on this topic.
Since tensile failure is a main failure pattern in rocks, there are few studies applying dynamic flexural tension tests on freeze-thawed rocks.
As reported by Xie et al. [21] and Song et al. [22] , the deformation and failure process of rock is essentially actuated by the transfer and transformation of energy. The energy analysis method is a convenient and essential perspective to annotate the damage evolution during the deformation process and to reveal the failure mechanism under impact loading. The study of the energy dissipation of rock under dynamic loading is mainly carried out via SHPB systems. Lundberg [23] first applied the SHPB system to study the rock energy dissipation under dynamic loading. More recently, other researchers have used SHPB equipment to dynamically load coal or rock material and analyze rock fragmentation based on fractal theory to study the energy dissipation of rock under dynamic loading [24] , [25] . SHPB equipment has also been used to study energy dissipation in thermally treated rock, and the effects of temperature and loading rate on energy dissipation have been discussed [26] , [27] . Li et al. [28] investigated the energy dissipation of rocks after repeated impacts and analyzed the relationship between the number of impacts and the energy dissipation of rocks. Wang et al. [29] investigated the energy dissipation of rocks after freezing and thawing under dynamic compression. However, the dynamic energy dissipation mechanism of freeze-thawed rocks in the dynamic semicircular bend (SCB) test has not been studied.
To investigate the energy dissipation characteristics and failure patterns of freeze-thawed granite under dynamic flexural tension, SCB specimens were used in this study. Nuclear magnetic resonance (NMR) was applied to measure the porosity of the freeze-thawed rocks, while the SHPB system was used to apply dynamic loads to the rocks. The energy dissipation characteristics, including the incident energy, reflected energy, transmitted energy, energy reflection rate (ERR) and energy dissipation rate (EDR), were presented herein. In addition, the failure patterns of freeze-thawed granite under different loading rates were investigated. Finally, the mechanism for the energy dissipation characteristics was discussed.This paper tried to investigate the tensile fracture behaviour from the perspective of energy dispassion and failure patterns. It may contribute to the understanding of dynamic tensile fracture behaviour of freeze-thawed rocks.
II. MATERIALS AND METHODS

A. SPECIMEN PREPARATION
A granite rock block which was collected in from an open pit mine located in Yunnan Province, southwest of China was used to prepare the samples. The granite is medium-grained with a dry density of 2.67 g/cm 3 . The mineral contents measured via X-ray were as follows: quartz (45.44%), feldspar (34.82%), mica (9.62%), peridot (7.76%), and others (2.36%). Initial porosity of tested samples is 2.01%.
All the granite specimens were cored from the same rock block, and the specimens exhibited high geometric integrity and uniformity. The specimens were prepared in accordance with the recommendations proposed by Yin et al. [27] and Dai et al. [30] : the specimen shape was semicircular with a diameter of 50 mm and a thickness of 25 mm. Surfaces of specimens were prepared following the International Society for Rock Mechanics (ISRM) standards [31] . The SCB test samples were subsequently made from the discs via diametrical cutting. In total, 30 granite specimens were prepared and divided into five subgroups for testing.
B. FREEZE-THAW TESTS
Before the F-T tests, all the samples were placed inside a vacuum saturation machine to saturate the samples for 12 h, and then the samples were soaked in water for 48 h to fully saturate the pores within the samples. After the saturation process, the samples were immediately placed into a cyclic F-T testing machine (TDS-300) to conduct the F-T tests. The F-T testing machine is automatically controlled. During each F-T test, the freezing and thawing temperatures and periods followed the official China standard DLT 5368-2007 [32] , wherein the freezing and thawing temperatures were -30 • C and 20 • C, respectively, and one F-T cycle included a 4 h freezing period and a 4 h thawing period. The number of F-T cycles applied to each subgroup was 0, 30, 60, 90 and 120.
C. NUCLEAR MAGNETIC RESONANCE TESTS
According to previous literatures [4] , [33] , the porosity could be tested by NMR. NMR was used to measure the signal decay of hydrogen atoms in the fully saturated pore space of the rock samples. The transverse relaxation time distribution (T 2 ), which depends on the sizes of the water-saturated pores, was measured. Figure 1 illustrates the test principles of the NMR system. The specimen is placed within the NMR test device, and no magnetic field surrounds the rock specimen. Thus, the pole axes of the H-protons are in random directions. When the main magnetic field B 0 is exerted around the rock sample, the direction of the H-proton pole is consistent with the magnetic field. Next, the NMR instrument temporarily generates a specific angle ( Figure 1 is a schematic of 90 • ) of the oscillating radio frequency (RF) pulse, which matches the H-proton precession frequency and pushes the H-proton rollover. Finally, the RF pulse is turned off, the energy is released, and the H-proton pole axis directions gradually recover to their initial state. During this process, a transient oscillating current called the NMR signal is generated and measured by a receiver. According to the received signal, the position information of the water molecule contained in the specimen can be decoded and transferred into the NMR images to obtain the water distribution of the specimen, and the pore distribution information of the rock sample is then obtained.
According to Anovitz and Cole [34] , the following formula exists for T 2 .
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where T 2 is the transverse relaxation time, ρ 2 is the transverse surface relaxivity, S is the pore surface area, and V is the pore volume. 
D. DYNAMIC FLEXURAL TENSILE TESTS 1) TEST PRINCIPLES OF THE SHPB TECHNIQUE
The SHPB technique is widely used for testing the dynamic properties of materials. Dynamic flexural tensile tests were conducted using a SHPB system, as described by Li et al. [35] . This system is shown schematically in Figure 2 . The SHPB device includes a gas gun, a cone-shaped striker, an incident bar, a transmitted bar and a momentum bar. The computer controlled recording system was used to record the stress and strain history information. In addition, the system also contains a striker and a momentum trap. All the bars were made of 40Cr alloy steel, which has a density of 7810 kg/m 3 . The P-wave velocities of the bars were 5410 m/s. Two strain gauges attached to the incident and transmitted bars were used to calculate the mechanical properties of the specimen. The test principles of the SHPB system have been widely introduced in previous studies [35] , [36] . The stress at the ends of the specimen can be calculated as follows:
where P 1 and P 2 are dynamic forces on the incident bar-sample interface and transmitted bar-sample interface respectively. A is the cross-sectional area of the bar; E is Young's modulus of the elastic bars; and ε i , ε r , and ε t are the strain signals of the incident wave, reflected wave, and transmitted wave, respectively. The loading method for the SCB specimens is presented in Figure 3 .
2) DYNAMIC STRESS EQUILIBRIUM
To validate the test results, the stress equilibrium should fulfill the requirements of the dynamic SCB test. The stress equilibrium can be checked by comparing the stresses at both ends of the test specimen, as shown in Figure 4 . For a successful dynamic SCB test, the superposition of the incident and reflected waves should be equal to the transmitted wave before the sample fails [37] . Figure 4 shows that the transmitted wave (Tr) is nearly identical to the sum of the incident wave (In) and the reflected wave (Re), indicating that the specimen reached stress equilibrium. This can be regarded as evidence that the dynamic flexural tension test is accurate and valid.
3) DETERMINATION OF THE LOADING RATE Figure 5 presents the method used to determine the loading rate during a SHPB test. In the SHPB test, the stress history is obtained automatically. The slope of the roughly linear range between 23 µs and 44 µs is determined as the loading rate for a valid SHPB test [38] . In the example presented in Figure  5 , a loading rate of 2271.45 GPa·s −1 is determined from the typical flexural tensile stress history curve.
III. RESULTS AND ANALYSIS
A. POROSITY CHANGE CAUSED BY F-T ACTION FIGURE 6 shows the variation in porosity with the number of F-T cycles. It can be seen that the porosity of each group increases with the number of F-T cycles, with increases of 23.31%, 60.76%, 83.27%, and 116.24%, respectively. This is due to the fact that during the freezing process, the water phase turns into ice, causing a volume expansion of 9% [12] . This volume expansion caused the generation of a significant amount of heave pressure, which may exceed the tensile strength of micro-cracks. Therefore, the heave pressure strengthened the formation, connection and propagation of micro-cracks.
On the other hand, during the thawing process, the ice melts into water and then migrated to the F-T induced microcracks. In the next freezing period, the water in the F-T induced micro-cracks will further promote the formation, connection and propagation of new micro-cracks, resulting in an increase in porosity, thereby increasing the internal damage of the sample [4] .
B. ENERGY DISSIPATION CHARACTERISTICS
According to the SHPB test principles, the impact energy is transmitted to the incident bar in the form of a wave. The wave is reflected and transmitted at the contact surface of the incident bar and the sample; a part of the wave is reflected back to the incident bar, and the rest of the wave is transmitted into the sample. For the energy applied to the sample, part of the energy is applied to deform the sample, and the rest is transferred to the transmission bar. Therefore, the incident, reflected and transmitted energies can be expressed as follows [23] :
where W I , W R , and W T are the incident energy, reflected energy, and transmitted energy, respectively, and C is the wave velocity of the pressure bar. Then, the dissipated energy W L of the rock sample can be expressed as follows: Table 1 . The incident energy is approximately equal when the loading rates are relatively close. In addition, the reflected energy accounts for the largest proportion of the incident energy and can reach more than 60%, which is consistent with the results reported by Yin et al. [27] . Conversely, the transmitted energy accounts for the smallest proportion of the incident energy; the transmitted energy ranges between 0.20 J and 0.62 J, which can be ignored.
To investigate the energy evolution of samples under different loading rates, the incident energy, reflected energy, transmitted energy, and dissipated energy were plotted in Figure 8 . As the loading rate increases, the incident energy, reflected energy and dissipated energy increase, showing a strong ratedependent effect. On the other hand, the transmitted energy showed nearly no change when the loading rate increased. However, the dependence of the four energies was different. The results show that the strongest rate-dependent effects were exhibited by the incident and reflected energies, followed by the dissipation energy. For the transmitted energy, no rate-dependent effect was observed.
C. EFFECT OF LOADING RATE ON ENERGY REFLECTION AND DISSIPATION RATES
In this paper, the energy reflection rate (ERR) and the energy dissipation rate (EDR) are used to reveal the energy variations under different loading rates. The expressions for ERR and EDR are as follows:
The results are shown in Figure 9 . The porosity shown in Figure 9 is an average value of the five samples in the corresponding group. As the loading rate increases, the ERR gradually decreases while the EDR increases. These findings are mainly attributed to the dissipated energy driving crack propagation and penetration, thereby causing rock failure; hence, it is sensible that the dissipated energy increases with increasing loading rate. At lower loading rates, there will be the generation of some cracks that are only activated by the lower dissipated energy. These cracks accumulate and expand to cause rock failure, resulting in a small EDR and a large ERR.
To predict the correlation between ERR, EDR and the loading rate, a model was proposed as follows:
where a, b, c and d are fitting parameters.
The fitting results are reported in Table 2 . The correlation coefficients R 2 were larger than 0.85, indicating that the experimental results fit the model well. 
D. EFFECT OF F-T CYCLES ON ENERGY REFLECTION AND DISSIPATION RATES
To study the influence of F-T cycles on the energy dissipation, the prediction model in Table 2 was applied to calculate the ERR and EDR. Fig. 10 shows the variation in ERR and EDR with the different number of F-T cycles.
It demonstrated in Figure 10 that as the number of F-T cycles increases, ERRdecreases and EDR increases. This is because the energy dissipation characteristics of rock failure process are closely related to its internal damage characteristics. According to the analysis of porosity by F-T action, as the number of F-T cycles increases, the microcracks inside the rock expand and the internal damage of the sample increases. At the same loading rate, the increased number of micro-cracks provides a channel for energy consumption, driving these micro-cracks to expand until the rock fails, causing the ERR to decrease as the EDR increases. This is consistent with the results of Xia's [39] research.
In addition, there is an inflection point (when F-T cycles = 30) in Fig. 10 , and after this point, both the ERR reduction rate and the EDR increase rate are decreasing. This may be caused by two reasons. Firstly, the porosity increases greatly after 30 F-T cycles, which may lead to the increase in dissipation energy. Secondly, due to the softening effect of water during the F-T cycle, the structure of the cemented material inside the sample changes, and the changed structure may be more conducive to the dissipation of energy during sample failure, while subsequent F-T cycles have less impact on this aspect. VOLUME 7, 2019 FIGURE 11. Failure patterns of freeze-thawed granite under dynamic loading. Figure 11 presents the failure patterns of freeze-thawed granite specimens. Figure 11a demonstrates that at a lower loading rate (1576.26 GPa·s −1 ), the failure pattern is broken into two halves along a crack, which is a tensile failure. However, when the loading rate increased to 2573.20 GPa·s −1 , a local triangular shear failure pattern occurred at the contact point between the sample and the incident bar (see Figure 11b) . The same tensile failure is also observed at higher loading rates. This phenomenon may be attributed to the fact that when a higher loading rate is applied, the dissipated energy reaches a higher level before the cracks accumulate, and it is necessary to extend the accumulated cracks to consume the external energy for shear failure to occur. In addition, a comparison of Figure 11a and Figure 11c shows that the specimen fragmented into more pieces, at a higher porosity, indicating that the failure patterns were influenced by porosity. The reason for this phenomenon is that when subjected to dynamic loading, the crack preferentially penetrates along the micropores, thereby forming more fractures, generating more free surfaces, and consuming more dissipated energy. The consumed energy, in turn, causes crack propagation that leads to greater fragmentation in the specimens.
E. FAILURE PATTERNS
A comparison of Figure 11a , Figure 11b and Figure 11c shows that a higher loading rate caused the change in failure patterns, whereas a larger porosity led to greater fragmentation in the specimens. However, no critical porosity or loading rate that affecting failure patterns was found based on the observation from Figure 11 .
IV. CONCLUSION
In this study, the energy dissipation characteristics and failure patterns of F-T treated granite specimens in dynamic flexural tension were studied. Semicircular bend (SCB) specimens were treated with 0, 30, 60, 90 and 120 F-T cycles. A dynamic Brazilian splitting test was used to investigate the energy dissipation characteristics of the test specimens in dynamic flexural tension using an SHPB system. The following conclusions can be drawn.
(1) When F-T cycles were applied to specimens, porosity increased. The porosity showed increase amplitude of 23.31%, 60.76%, 83.27%, and 116.24%, respectively, when F-T cycles are 30, 60, 90 and 120.
(2) As the loading rate increases, the incident energy, the reflected energy and the dissipated energy increase. The incident energy, reflected energy and dissipated energy exhibit obvious loading rate-dependent effects. In contrast, the transmitted energy showed no correlations with the loading rate.
(3) In addition, as the loading rate increases, the energy reflection rate (ERR) decreases while the energy dissipation rate (EDR) increases. This phenomenon occurs because at lower loading rates, some cracks will be generated that are only activated by the lower dissipated energy. The cracks accumulate and expand to cause rock failure, resulting in a small EDR and a large ERR. At higher loading rates, the dissipated energy reached a higher level before the cracks accumulated, and it is necessary to extend the accumulated cracks to consume the external energy, causing an increase in EDR and a decrease in ERR.
(4) As the number of F-T cycles increases, the ERR decreases and the EDR increases. This phenomenon occurs because the increase in the number of F-T cycles leads to expansion of the pore structures and an increase in the number of microcracks inside the rock. Under the same loading rate, the increase in the number of microcracks provides a channel for energy consumption, which drives these microcracks to expand until the rock fails. A critical number of F-T cycles, i.e. 30, was found to be an inflection value that affecting the ERR decrease rate and EDR increase rate under the same loading rate.
(5) A higher loading rate caused a change in failure patterns, whereas a larger porosity led to greater fragmentation in the specimens.
